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I. INTRODUCTION
Computational methods have facilitated detailed studies of reaction mechanisms in large systems such as nanostructures, enzymes, and heterogeneous catalysts. [1] [2] [3] The division of a large system into a quantum mechanical ͑QM͒ and a molecular mechanical ͑MM͒ region ͑QM/MM͒ allows the reactive center to be studied with a high-level theory, while the effects of the environment ͑structural and electrostatic͒ are calculated at the computationally less-demanding MM level. QM/MM was first developed in the 1970s, 4 and numerous variations of the method have been devised since ͑see Ref. 1 for a recent review with an extensive bibliogra-phy͒. In this paper, we use a QM/MM approach to assess the catalytic effect of a siliceous surface on an astrochemical reaction, the sequential hydrogenation of CO to form methanol. 5 Although the calculations have been applied to astrochemical reactions, the present approach is applicable to detailed reactivity studies in a wide range of disciplines that involve siliceous surfaces. The biotoxicity of silica probably originates from the reactivity of surface sites, specifically silanol groups and undercoordinated silicon and oxygen atoms. 6 Furthermore, silica's surface properties are of paramount importance in a variety of technological applications, 7 and the dissolution and precipitation of the common mineral quartz have been widely investigated because of their major geochemical consequences. 8 In the interstellar medium, molecular clouds are starforming regions that display a rich variety of neutral molecules. 9 The low temperatures ͑10-20 K or 20-100 K near a star-forming region͒ and pressures ͑10 −15 mbar͒ found in these regions cause activated reactions to proceed very slowly. The chemistry of molecular clouds has been an active research area over the last few decades, recently focusing on the role played by dust grains in catalysis. 10, 11 The dust grains, which are composed of either silicate or carbonaceous material, 12 apart from acting as a heat sink to stabilize exothermic reactions, also catalyze specific astrochemical reactions by reducing effective activation barriers. Methanol ͑CH 3 OH͒ is one of the most abundant molecular species observed in the interstellar medium and is thought to be formed on the surface of dust grains. 13 The suggested route of surface formation of CH 3 OH is via the sequential addition of hydrogen atoms to adsorbed CO. 14 However, experimental investigations of the formation of CH 3 OH from the bombardment of CO ices with hydrogen atoms have shown different results, 15, 16 although both formaldehyde ͑H 2 C v O͒ and CH 3 OH have been observed as products at temperatures of 10-20 K. It has been suggested that the formation of hydrogenated products could also be affected by photons or charged particles from the atom source. 16 Indeed, Hudson and Moore have shown that CH 3 OH is formed efficiently upon irradiating a mixed CO : H 2 O ice with 0.8 MeV protons. 17 The influence of water ice on the formation of CH 3 OH has been shown to be negligible in a previous computational study. 18 Here, we use QM/MM to assess whether a siliceous surface can specifically catalyze the formation of CH 3 OH. As a model siliceous surface, we use the hydrogenated ͑100͒ surface of edingtonite, a naturally occurring zeolite, 19 which is a good computational model for an amorphous silica surface. 20 We also consider negatively charged and radical defect surface sites as potential catalytic sites. Previously, we have reported the catalytic effect of a negatively charged silica site on the hydrogenation of CO. In this paper, we give a complete account of the methodology used and explore the surface reactions on the hydrogenated and radicaloid surface sites, in addition to the negatively charged surface site, in detail.
II. METHODOLOGY
The QM/MM calculations are set up within CHEMSHELL, 3 a modular approach that provides great flexibility for choosing the QM code, the Hamiltonian and basis set, the MM code and force field parameters, the QM/MM interface, and the optimization algorithms. The CHEMSHELL code is a valuable computational tool for surface chemistry, with applications ranging from astrochemistry to industrial catalysis. 2, 3, 5, 21 In this paper, we study the reactivity of active charged and radical silica surface sites, which are also indicated in the biotoxicity of silica. 6, 7, 22 The described computational approach could augment recent QM-cluster calculations that study the reactivity of those surface sites 6, 22 because the embedding scheme takes account of the structural and electrostatic effect of the surrounding solid. The QM/MM approach has the advantage of modeling the reactive site with accurate QM methods, while maintaining the embedding in the steric and electronic environment of the solid state with low-cost MM methods. Most importantly, in an embedded cluster approach, charged surface defects are perfectly isolated, whereas periodic boundary programs have to cope with the periodic images of the defects potentially influencing one another, especially for charged defects.
A. Setup
The ͑100͒ surface of edingtonite is fully hydroxylated and optimized at the MM level. A hemispherical cluster with a radius of 25 Å is cut from this surface and is surrounded by small point charges to restore the Madelung potential ͑Fig. 1͒. We employ GAMESS-UK with the B97-1 functional 23 for our QM cluster because it has been shown to give good activation energies for hydrogen addition reactions. 24 A 6-31+ G ** ͑5D͒ basis was used for the adsorbates and the O and H atoms of the reactive surface sites, and a 6-31G * ͑5D͒ basis is employed for the remainder of the QM cluster. The QM cluster is electrostatically embedded in a MM cluster which is treated with the DLគPOLY code with a modified Hill-Sauer force field. 25 The link-atom and charge-shifting scheme, as developed for zeolites, is employed at the QM/MM boundary. 3 The energies and gradients of the embedded cluster are evaluated as a sum of the QM and MM energies ͑additive scheme͒. Transition states are optimized with the Baker algorithm ͑see below͒, 26 and all stationary points are characterized by calculating the frequencies of the entire active site ͑QM+ MM͒ numerically. Unscaled zeropoint energy corrections are included and reaction and activation energies are reported in kJ/mol. Different QM-cluster and active MM-region sizes have been considered to ensure that no artifacts arise from the QM/MM partitioning.
B. MM parameters
In CHEMSHELL, spherical bulk clusters and hemispherical surface clusters of covalent solids are conveniently generated with an automatic assignment of the connectivity within DLគPOLY, assuring a consistent assignment of charges. Therefore, we chose to use the Hill-Sauer potentials, 25 which have been used for QM/MM studies of zeolites. 2, 3, 27 However, it was necessary to truncate the complex potentials for use with MARVIN ͑Ref. 28͒ and GULP ͑Ref. 29͒ to generate and study the surfaces within CHEMSHELL. All cubic and quartic force constants, torsional parameters, and cross terms were eliminated. This truncated force field necessitated the inclusion of an attractive O-O Lennard-Jones term to reproduce the lattice parameters of ␣-quartz. These parameters were optimized by fitting to ␣-quartz structural data ͑lattice parameters, bond lengths, and angles͒ 30 using the GULP code. 29 Likewise, the parameters involving the H atoms were also optimized to reproduce the structure of the hydroxylated ͑001͒ ␣-quartz surface at the density functional theory ͑DFT͒ level. 31 The resulting parameters are reported in Table I .
C. Validation
To validate the use of these MM parameters in a QM/MM setup, the hydrogarnet defect was studied initially. This defect is formed by the reaction SiO 2 +2H 2 O͑l͒ → hydrogarnet+ 1 / 3 ␣-SiO 2 , where four OH groups form a cluster in a Si vacancy. The hydrogarnet defect was considered in the center of a sphere with a radius of 29 Å and the QM cluster included all O-Si units linking to the Si-atom or hydrogarnet defect. The B3LYP functional with a large basis set on the central Si ͑88-1111G * ͒, O ͑8-411G * ͒, and H atoms ͑8-21G ** ͒ ͑Ref. 32͒ was used, with a 6-31G * basis set on all other atoms. The structure and energy of bulk ␣-quartz was calculated with CRYSTAL. 33 The energy of the hydrogarnet defect thus calculated was 52-55 kJ/ mol, depending on the size of the active MM region. This value is in agreement with periodic DFT calculations for the energy of the hydrogarnet defect in ␣-quartz by de Leeuw ͑63 kJ/ mol, PW91͒ 34 and the hydrogarnet defect in sodalite by Pascale et al.
͑48 kJ/ mol, B3LYP͒. 35 To assess the validity of the QM/MM setup for surfaces, the adsorption energy of NH 3 on a silanol surface site was calculated and compared with the periodic DFT values of Ugliengo and co-workers on the same surface. 20 An 18 atom QM cluster of the surface site HOSi͑OSiH 3 ͒ 3 was surrounded by an active MM cluster of 15 atoms ͑the O-Si units directly extending from the QM cluster͒. The active QM/MM site was embedded in an inactive MM cluster of 817 atoms and 233 point charges. With this approach, the calculated adsorption energy of NH 3 is 45.3 kJ/ mol without zero-point energy correction, which is, considering the different basis set and functional, in good agreement with the previously calculated value of 49.3 kJ/ mol. 20 The experimental adsorption energy of NH 3 on silica is 37 kJ/ mol. 36 The influence of the size of the QM and MM clusters was tested using the adsorption energy of CO and the activation energy of the H + CO ads reaction. With the above setup ͑18 QM+ 15 MM atoms͒, the adsorption energy of CO is 6.5 kJ/ mol without zero-point energy correction ͑3.8 kJ/ mol with zero-point energy corrections added͒. When the QM cluster is extended by making all active atoms QM atoms, the adsorption energy increases to 9.3 kJ/ mol without zeropoint energy corrections. Extending this larger QM cluster by including the next "layer" of SiO units as active MM atoms ͑27 atoms in total͒ hardly affects the CO adsorption energy ͑8.9 kJ/ mol͒. Although the larger QM cluster gives an adsorption energy in closer agreement with experimental energies of CO on hydroxylated silicate material from comets ͑13.5Ϯ 3.0 kJ/ mol͒, 37 the activation energy for the H +CO ads reaction is exactly the same ͑14.6 kJ/ mol without zero-point energy correction͒ for both the small QM cluster ͑18 QM+ 15 MM͒ and the larger QM cluster ͑39 QM atoms͒.
Since the aim of this study is to assess the catalytic effect of the surface, i.e. the change in the activation barrier for the surface reaction with respect to the gas phase reaction, the computationally less-demanding 18 QM+ 15 MM cluster was used.
D. Transition state optimization algorithms
To determine the transition states ͑TSs͒, the most efficient approach was as follows:
͑1͒ Perform a constrained scan along the reaction coordinate, where the SiO͑H͒ and adsorbate atoms are fully relaxed, while decreasing the distance between the incoming hydrogen atom and the carbon atom from ϳ2.5 to 1.75 Å. In this study, we only consider the Eley-Rideal mechanism, whereby the hydrogen atom originates from the gas phase. ͑2͒ Determine the maximum on this potential energy curve, calculate the Hessian for the same reduced set of active atoms, and optimize to a TS with the Baker algorithm. 26 ͑3͒ Calculate the Hessian and optimize the TS for the full active site. ͑4͒ Calculate a full Hessian of the stationary points to ascertain the nature of the TS and to obtain zero-point energies.
For certain TSs, the microiterative scheme implemented in the hybrid delocalized internal coordinate optimizer 38 ͑HDLC-opt͒ may be quicker than performing steps ͑2͒ and ͑3͒. In this scheme, the Hessian is only calculated and updated for a chosen active core ͑partitioned rational function optimization͒, while the remainder of the active site is relaxed in between ͑Broyden-Fletcher-Goldfarb-Shanno͒ TS search steps. We found that the HDLC-opt scheme was effective in getting close to the TS quickly in most cases where the initial structure was not too far from the saddle point, but for the final optimization, the Baker algorithm was needed to minimize the gradients efficiently.
The largest computational effort in determining the reaction mechanisms is the calculation of the initial Hessian matrix for the TS optimization algorithms and the frequencies at the stationary points. Developments are currently underway to parallelize the numerical second derivatives as well as TS searching algorithms for efficient calculations on highperformance computing systems. Because the TS calcula- tions are very computationally demanding, we focus mainly on the reaction coordinates where the incoming hydrogen atom reacts with the adsorbate, while considering different lines of approach.
III. RESULTS AND DISCUSSION

A. Gas phase
The proposed formation pathway for CH 3 OH in the interstellar medium, both in the gas phase and on the surface of a dust grain, is via the sequential addition of hydrogen atoms, 14, 18 
In this sequence, the first ͑H+CO͒ and third ͑H+H 2 C v O͒ steps are activated in the gas phase, and these barriers are not reduced on a model water ice surface. 18 We have previously shown that with our DFT approach, B97-1 / 6-31+ G ** , the calculated gas phase activation barriers for these reactions are in good agreement with high-level ab initio results. 5 The structures of the gas phase TSs are shown in Fig. 2 . The H + CO TS is very early on the potential energy surface ͑PES͒, as indicated by the long H¯CO distance and the exceptionally small stretching ͑0.003 Å͒ of the reactant CO bond. For H+H 2 CO, the TS is a little later, with a significantly shorter H¯CO distance and a 0.013 Å elongation of the reactant CO double bond. In both cases, the hydrogen atom approaches an angle close to that of the product geometry. The gas phase reaction and activation barriers for each of the steps in Eq. ͑1͒ are reported in Table II , along with the respective values for the surface reactions ͑discussed below͒. With the two gas phase barriers of 15.6 and 21.9 kJ/ mol for the first and third hydrogen addition reactions, respectively, the classical rate of CH 3 OH formation is negligible at the low temperatures of 10-20 K prevalent in molecular clouds. However, tunneling through the reaction barriers is likely to play an important role at these low temperatures. 18, 39, 40 
B. Surface reactions
The effect of a siliceous surface on the formation of CH 3 OH via Eq. ͑1͒ was assessed with QM/MM calculations on a hydroxylated edingtonite surface, with the setup as described in Sec. II. We also considered the effect of the surface defects SiO · and SiO − , when the species that react with the incoming hydrogen atom are adsorbed on this defect site. The results for the negatively charged SiO − defect have been reported previously. 5 The adsorption energies of all reaction intermediates on the SiOH, SiO · , and SiO − sites are reported in Table III . All activation and reaction energies for each of the reaction steps in the gas phase and on the three surface sites are summarized in Table II , while the structures of the TSs are given in Figs. 2 and 3. 
SiOH surface site
The reaction and activation energies for the formation of CH 3 OH via Eq. ͑1͒ on a silanol surface site are virtually identical to the respective gas phase energies ͑Table II͒. Likewise, the geometric features of the TS of the surface reactants are close to those of the gas phase TSs ͑Fig. 2͒. Only the H¯CO ads distance for the H + CO ads TS is significantly shortened with respect to the gas phase reaction, but the activation energy remains the same. All reaction intermediates are weakly physisorbed on the SiOH group ͑E ads =2-17 kJ/ mol, Table III͒ ; therefore, the PESs for the hydrogen addition reactions are not strongly perturbed by adsorption on a silanol surface site. For this surface site, the most important catalytic effect of the surface is to reduce the "effective reaction volume" for the hydrogen atom by increasing the collision frequency on the surface with respect to the gas phase, where collisions are scarce at pressures of ϳ10 −15 mbar. 41 TABLE II. Calculated activation ͑⌬E ‡ ͒ and reaction energies ͑⌬E react ͒ in kJ/mol for the consecutive hydrogenation of CO in the gas phase and on different surface sites via the Eley-Rideal mechanism. For each reaction, the energies are given with respect to the adsorbed reactant. 
State
SiO − surface site
When a proton is removed from the SiOH group, the negatively charged silanolate surface defect effectively lowers the activation energy for H + CO ads and H + H 2 C v O ads by 6.8 and 4.3 kJ/ mol, respectively ͑Table II͒. In Fig. 3 , the structures of the two transition states are shown. Comparing the distances of the developing H¯C bonds of the TS geometries for the surface reactions with the gas phase structures ͑Fig. 2͒, it appears that the H + CO ads TS is slightly earlier. More significantly, the CO bond is stretched in both surface TSs, indicating a weakening of the CO triple and H 2 C v O double bond by the negative charge. This weakening of the unsaturated bond, also shown by the redshift in the infrared frequencies, 5 catalyzes the hydrogen addition reactions. Since dust grains are thought to bear negative charges, 42 this catalytic effect, whereby a silanolate group activates unsaturated bonds, may be a ubiquitous mechanism for astrochemical hydrogenation reactions on the surface of dust grains. Furthermore, since the PESs are perturbed by the negatively charged defect, the tunneling probabilities through the barriers could also change.
SiO · surface site
Radicaloid sites are highly reactive, and since radical pairs are preferentially formed over ionic pairs upon silica fracture, 22 the radical surface sites are indicated as the main contributors to the biotoxicity of silica dust. 7 Recently, the reactivity of the radical SiO · and Si · sites, as well as the charged Si + and SiO − sites, toward H 2 O was studied computationally. 22 Since the model QM cluster used in the previous calculations included intramolecular hydrogen bonds, we cannot compare to their results directly. However, the SiO · defect was shown to be very reactive in the heterolytic splitting of H 2 O. For the reaction considered here, the radicaloid SiO · surface site drastically changes the reaction mechanism for Eq. ͑1͒. The SiO · surface site reacts barrierlessly with an incoming hydrogen atom. Consequently, in the interstellar medium, most SiO · sites will be rehydrogenated to yield a silanol ͑SiOH͒ surface site. However, if a mobile CO is nearby, it can also chemisorb ͑133.2 kJ/ mol͒ to the SiO · surface site without a barrier. In that case, a radicaloid intermediate SiO -C · v O is formed, which has another carbon-oxygen bond and an unpaired electron centered on the carbon atom. This intermediate is still highly reactive and reacts without a barrier with an incoming hydrogen atom from either side. If the hydrogen atom is constrained to approach the SiO group from the opposite side to where CO is bonded, a silanol group ͑SiOH͒ may be formed and the CO is displaced. Alternatively, if the hydrogen atom approaches from the carbon side, the SiO -C͑H͒ v O intermediate is formed in a barrierless radical-radical addition. For this intermediate, however, the reaction with the second H atom is now activated by 40.7 kJ/ mol, yielding SiO -CH 2 -O · . The structure of the TS ͑Fig. 3͒ reveals that this is a late TS compared to the other surface reactions, with a H¯C distance of 1.741 Å. The third H addition to the radicaloid oxygen center ͑H+SiO-CH 2 -O · → SiO-CH 2 -OH͒ is unactivated, while the fourth and final H addition is again strongly activated by 144.3 kJ/ mol and is even slightly endothermic ͑Table II͒. This second TS is even later on the PES with a fairly developed H-C bond ͑1.433 Å͒ and a considerably lengthened Si-C chemical bond ͑Fig. 3͒. While a radical defect can entirely remove the activation barriers for the first and third hydrogen additions to CO, the introduction of the two new barriers for the second and fourth H additions makes this pathway prohibitive in the cold interstellar medium.
IV. CONCLUSIONS
Because of its relevance to astrochemistry, the hydrogenation of CO to form CH 3 OH on surfaces has previously been studied both experimentally 15, 16 and computationally. 18 In the gas phase, the formation of CH 3 OH involves two activation barriers which are too high ͑15.6 and 21.9 kJ/ mol͒ for this reaction to proceed effectively via a classical mechanism at the low temperatures in the interstellar medium.
Our embedded cluster approach has allowed us to assess the catalytic effect of a siliceous surface on this reaction. We have found that the silanol surface group ͑SiOH͒ has hardly any effect on the gas phase transition states and activation barriers. In contrast, a radicaloid SiO · surface site completely changes the reaction mechanism for the consecutive hydrogen addition reactions. The SiO · surface site is very reactive toward CO and once it is chemisorbed, CO can react barrierlessly with a H atom to yield chemisorbed HCO. Further hydrogenation of this intermediate, however, involves two more barriers ͑40.3 and 144.3 kJ/ mol͒, rendering this to be an unlikely pathway to CH 3 OH even at higher temperatures. However, the negatively charged SiO − surface site was found to be a good catalyst for CO hydrogenation. The adsorption energy of all reactants and reaction intermediates are increased by the SiO − surface site. This enhanced interaction activates the CO triple and double bonds to effect a reduction of the H + CO ads and H + H 2 C v O ads activation energies by 6.1 and 3.4 kJ/ mol, respectively, which will accelerate the reaction. 5 However, for a high efficacy at 10-20 K, the reactions are still required to tunnel efficiently through the activation barriers.
Because interstellar dust grains are likely to be negatively charged, 42 and oxygen-rich dust grains are composed of silicates, 12 negatively charged SiO − surface sites could be widespread catalytic sites in dusty molecular clouds. This site probably activates other multiple bonds as well and thereby promotes hydrogenation and oxidation of unsaturated species. We are currently investigating such processes for other relevant astrochemical reactions.
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